Abstract: The influenza A M2 protein forms a proton channel for virus infection and mediates virus assembly and budding. While extensive structural information is known about the transmembrane helix and an adjacent amphipathic helix, the conformation of the N-terminal ectodomain and the C-terminal cytoplasmic tail remains largely unknown. Using two-dimensional (2D) magic-anglespinning solid-state NMR, we have investigated the secondary structure and dynamics of full-length M2 (M2FL) and found them to depend on the membrane composition. In 2D 13 C DARR correlation spectra, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)-bound M2FL exhibits several peaks at b-sheet chemical shifts, which result from water-exposed extramembrane residues. In contrast, M2FL bound to cholesterol-containing membranes gives predominantly a-helical chemical shifts. Two-dimensional J-INADEQUATE spectra and variable-temperature 13 C spectra indicate that DMPCbound M2FL is highly dynamic while the cholesterol-containing membranes significantly immobilize the protein at physiological temperature. Chemical-shift prediction for various secondary-structure models suggests that the b-strand is located at the N-terminus of the DMPC-bound protein, while the cytoplasmic domain is unstructured. This prediction is confirmed by the 2D DARR spectrum of the ectodomain-truncated M2(21-97), which no longer exhibits b-sheet chemical shifts in the DMPCbound state. We propose that the M2 conformational change results from the influence of cholesterol, and the increased helicity of M2FL in cholesterol-rich membranes may be relevant for M2 interaction with the matrix protein M1 during virus assembly and budding. The successful determination of the b-strand location suggests that chemical-shift prediction is a promising approach for obtaining structural information of disordered proteins before resonance assignment.
Introduction
The M2 protein of influenza A viruses is a 97-residue integral membrane protein that both acts as a proton channel for virus entry [1] [2] [3] [4] and mediates virus assembly and budding. 5 The protein can be divided into three domains: an N-terminal ectodomain (residues 1-21), an a-helical central domain encompassing a transmembrane (TM) helix (residues 22-46) connected to an amphipathic helix (AH), and a C-terminal cytoplasmic tail (residues 63-97) 6, 7 (Supporting Information Fig. S1 ). M2 oligomerizes into a homotetramer through the TM helix to form the proton channel, 8, 9 with His37 and Trp41 as the proton-selective residue 10 and the channel-gating residue, 11 respectively. The protein is targeted by the antiviral drugs amantadine and rimantadine, 12, 13 which inhibit the proton channel activities.
Recent high-resolution structural studies using X-ray crystallography, 15, 16 solution NMR, 17 solidstate NMR (SSNMR), [18] [19] [20] [21] [22] and electron paramagnetic resonance 23, 24 have revealed the structure of the central TM-AH domain. The TM helix is tilted by [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] from the bilayer normal, depending on the membrane thickness and pH. 23, [25] [26] [27] When associated with phospholipid bilayers, the AH lies on the membrane surface, connected by a tight turn from the TM helix. 22 Amantadine and rimantadine bind with high affinity to the TM pore near Ser31, 16, 20, 28, 29 with the polar amine pointing to the C-terminus. 30 A second, lowaffinity, binding site unrelated to M2 inhibition 31, 32 exists on the lipid-facing surface of the protein near Asp44 and Arg45, 17, 20 and is populated by excess drug. 20 Drug binding to the pore, which is the pharmacologically relevant site, is sensitive to the membrane thickness [33] [34] [35] and composition. 36 Analogous to drug binding studies, studies of the proton conduction mechanism of M2 have so far mainly used TM constructs. Two proton conduction mechanisms, a water-wire model 37, 38 and a His37
shuttle model, 39 have been proposed. Direct observation by SSNMR of His37 side chain motion and His37-water proton exchange at low pH 21, 21, 41 show that the shuttle mechanism is operative.
Compared to the TM-AH domain, almost no structural information is available about the Nterminal ectodomain and the cytoplasmic tail. Early oriented-membrane 15 N SSNMR data of full-length M2 (M2FL) confirmed the orientations of the TM helix obtained from peptide studies 42 but did not determine the orientation of the rest of the protein.
Even the secondary structure of the ectodomain and cytoplasmic tail remains unknown. Structural investigation of M2FL is important for understanding the mechanisms of the entire panel of M2 functions, including not only the proton-channel function but also the virus-assembly function. Chimeras of M2 with the Sendai virus F protein indicate that the ectodomain is responsible for incorporating the protein into the virion. 43 The ectodomain sequence is highly conserved among influenza A viruses 7, 44 and has been the target of anti-flu vaccines. 45 Ectodomain-specific antibodies that inhibit virus growth and replication have been reported. 7, 45, 46 Two cysteines in this domain, C17 and C19, form intermolecular disulfide bonds, 8 although C17 alone is sufficient to cause tetramer formation in detergent micelles. 9, 13, 47, 48 The cytoplasmic tail has been implicated in M2 interactions with the matrix protein M1 48 and with hemagglutinin and neuraminidase to regulate virus morphology. 51 Truncation mutants and alanine mutants of the cytoplasmic tail alter the virus morphology 51,52 reduce genome packaging and decrease virus infectivity. 53, 54 Given the functional relevance of the extramembrane domains, it is important to determine the three-dimensional structure of M2FL. In this work, we report initial characterization of the backbone conformation and mobility of M2FL using 13 C magicangle-spinning (MAS) NMR spectroscopy. Two types of lipid bilayers, without and with cholesterol, were used to mimic the environment of M2 in the host-cell plasma membrane and in the virus envelope, respectively. We show that M2FL contains highly dynamic and unstructured domains in the 1,2-dimyristoyl-snglycero-3-phosphocholine (DMPC) bilayer at ambient temperature but is significantly immobilized in a cholesterol-containing virus-mimetic (VM1) membrane and in the 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)/POPG/cholesterol membrane. Moreover, 2D 13 C correlation spectra indicate that the extramembrane domains of DMPC-bound M2FL contain b-strand residues, which are absent when the protein is bound to the cholesterol-containing membranes. By fitting the measured 2D 13 C correlation spectra with predicted chemical shifts for various secondary-structure models, we show that the b-strand is located at the Nterminus of the protein. This is confirmed using an ectodomain-truncated M2 variant, which does not show any b-strand peaks in the DMPC bilayer. We discuss potential implications of the membraneinduced conformational and dynamical changes of the protein to the influenza virus lifecycle.
Results

M2FL conformation and dynamics in DMPC bilayers
We investigated the conformation and dynamics of uniformly 13 C, 15 N-labeled M2FL in three phospholipid membranes: the DMPC bilayer, the VM1 membrane, which contains POPC, POPE, cholesterol, and sphingomyelin (SM), and an anionic POPC/POPG/ cholesterol membrane. DMPC was chosen because both the TM peptide and a longer TM-AH construct adopt drug-and pH-sensitive conformations in this membrane. 36 The VM1 membrane mimics the virusenvelope lipid composition closely, 35, 36 thus can shed light on the conformation of M2FL in the virus. The POPC/POPG/cholesterol membrane is of interest because it has been used to study the function of M2FL in virus assembly and budding.
55 Figure 1 shows the one-dimensional (1D) 13 C cross-polarization (CP) MAS spectra of M2FL in the three lipid membranes as a function of temperature. Information Fig.  S1) . Surprisingly, in addition to these a-helical chemical shifts, we also observed cross peaks at strongly b-strand chemical shifts. For example, a b-strand Ser Cb-Ca peak at (65.2, 53.8) ppm, a b-strand Ala Ca-Cb peak at (48.8, 21.4) ppm, and a b-strand Leu Ca-Cb cross peak at (51.6, 43.1) ppm, are detected. To confirm that these Ca-Cb cross peaks indeed result from Ser, Ala, and Leu, we apply the recently introduced Python program, PLUQ, 56 which rapidly predicts the amino-acid type as well as the secondary structure of correlated chemical shifts based on the large protein chemical shift database, PACSY. 57 Supporting Information Table S1 shows that indeed, Ser, Ala, and Leu are the top-ranked results for these three cross peaks, and their numbers of occurrences in the database are 4-23-fold higher than those of the second-ranked results. Moreover, the queried torsion angles of the top-ranked residues cluster predominantly in the bstrand region of the Ramachandran diagram (Supporting Information Fig. S2 ).
To verify if the b-strand chemical shifts of DMPC-bound M2FL result from the two extramembrane domains, we conducted a water-edited 2D 13 C correlation experiment using the pulse sequence shown in Supporting Information Figure S3 (a).
58-60
The experiment preferentially detects water-exposed residues by 1 H magnetization transfer from water to the protein. At 253 K, in the gel phase of the DMPC membrane, the lipid 1 H signals are broadened and suppressed by the 1 H T 2 filter, whereas the water 1 H magnetization survives due to the residual mobility of interbilayer water. Figure 2(b) shows the water-edited 2D spectrum of DMPC-bound M2FL, measured using a T 2 filter of 1.5 ms and a waterprotein 1 H spin diffusion mixing time of 15 ms. The latter is relatively short in order to distinguish between water-exposed and membrane-embedded residues. The water-edited 2D spectrum shows that the a-helical signals are preferentially suppressed while the b-strand signals with small Ca chemical shifts are preferentially retained. Comparison of the integrated intensities of the full 2D spectrum with the water-edited spectrum indicates that the fraction of remaining intensities of the b-strand peaks is 2.8-fold higher than the fraction of the remaining a-helical intensities. Although the 4-helix bundle formed by the TM domain surrounds a water-filled pore, previous water-protein spin diffusion experiments 61 indicated that at short mixing times, water spin diffusion to lipid-facing residues is noticeably slower than water spin diffusion to pore-facing residues. Thus, the lipidfacing residues in the TM and amphipathic helices should be preferentially suppressed by the wateredited experiment at this mixing time. Taken together, the two 2D spectra indicate that the bstrand segments lie in the extramembrane domains. The DARR spectrum in Figure 2 (a) also shows coil chemical shifts (annotated in green), which are consistent with the high mobility of the DMPC-bound protein indicated by the temperature-dependent 1D 13 C spectra (Fig. 1) . To further investigate the extent of protein motion, we measured a 2D Figure 3 . A large number of cross peaks with narrow linewidths of 0.4-0.8 ppm are observed at random-coil chemical shifts and can be readily assigned to residue types such as Val, Asp, Glu, and Thr. Altogether we found 21 spin systems in the spectrum (Supporting Information Table S2 ), some of which must be assigned to the ectodomain and the cytoplasmic tail based on the protein sequence. For example, the protein contains three Asn residues, two in the ectodomain (N13 and N20) and one in the SNA triplet remaining from His-tag cleavage (Supporting Information Fig. S1 ). Thus, if the two Asp/ Asn spin systems found in the INADEQUATE spectrum contain at least one Asn, then that Asn must be located in the N-terminal portion of the protein. The spectrum shows three Glu/Gln spin systems; 10 out of 11 Glu residues in the protein lie in the N-and Ctermini, also supporting the presence of highly mobile segments in these two domains.
The 2D INADEQUATE spectrum correlates the double-quantum (DQ) chemical shift with the singlequantum (SQ) 13 C chemical shift. To compare this type of spectrum directly with the SQ-SQ DARR correlation spectra shown in Figure 2 , one can shear the INADEQUATE spectrum along the x 1 dimension by 45 . Figure 2 (a) superimposes the sheared INAD-EQUATE spectrum (orange) with the lowtemperature DARR spectrum of DMPC-bound M2FL. Many peaks with coil-like chemical shifts in the gel-phase membrane have corresponding signals in the high-temperature J-INADEQUATE spectrum. For example, the well resolved Thr spin system at 68.0 ppm in the DARR spectrum is observed in the J-INADEQUATE spectrum. The low-temperature DARR spectrum shows Ser Ca-Cb cross peaks for all three canonical secondary structures, while the J-INADEQUATE spectrum only displays a Ser peak at the random-coil chemical shift. At the same time, some of the INADEQUATE cross peaks are not detected in the DARR spectrum, suggesting that some of the residues may undergo intermediatetimescale motion at the temperature of the DARR experiments (253-273 K), thus broadening their signals.
M2FL conformation in cholesterol-rich membranes
To investigate whether M2FL conformation depends on the membrane composition, we measured the 2D DARR spectra of the protein bound to the VM1 and anionic membranes. The spectrum of the VM1 bound protein [ Fig. 4 (a)] shows much higher sensitivity than the DMPC sample due to immobilization of the protein. More importantly, the spectrum indicates a significant change in the secondary structure: the b-strand chemical shifts of Ser, Ala and Leu disappeared, and the intensities of the a-helical signals are higher, indicating that the protein conformation is more helical in the VM1 membrane than in the DMPC bilayer. The anionic POPC/ POPG/cholesterol sample gave a similar 2D spectrum as the VM1 membrane (Supporting Information Fig. S4 ). As these two membranes differ in membrane surface charge and absence or presence of SM, the spectral similarity suggests that cholesterol is most likely responsible for the conformational change of the protein to the more helical state. This membrane-induced conformational change is confirmed by CD spectra (Supporting Information Fig. S5 ), which show a more pronounced a-helical signature for the VM1 bound protein than for the DMPC-bound protein. Spectral deconvolution gave an estimate of 8% b-strand content for DMPC-bound M2FL but undetectable bstrand content for the VM1 bound protein.
Chemical-shift-guided structure modeling of DMPC-bound M2FL
As the b-strand chemical shifts of DMPC-bound M2FL result from the extramembrane domains, and Table S2 ). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] the broad linewidths make it difficult at present to conduct unambiguous sequential assignment of this protein, we sought to obtain qualitative secondarystructure information for the extramembrane domains by simulating the experimental 2D spectra of DMPC-bound M2FL for various secondarystructure models. The accuracy of current 13 C chemical-shift prediction programs has become very high. For example, the SHIFTX2 program predicts 13 C chemical shifts with an accuracy of 0.44 ppm for Ca and 0.51 ppm for Cb. 62 This high accuracy is the result of a large high-quality database of training proteins, machine-learning techniques, and knowledge of side chain torsion angles and hydrogen-bond geometry. To test if SHIFTX2 is able to predict "extreme" b-sheet chemical shifts, we calculated the 13 C chemical shifts of the 19-stranded b-barrel protein, VDAC-1, based on its high-resolution solution structure (PDB code: 2K4T). 63 Supporting Information Figure S6 compares the SHIFTX2-predicted 13 The predicted chemical shifts for these isolated strands differ from those of the intact protein by an average of 0.72 ppm for Ca and 0.88 ppm for Cb, indicating that tertiary structure constraints and hydrogen-bonding indeed exert a noticeable effect on the 13 C chemical shifts. 64 We start by considering limiting-case structural models where the entire protein is assumed to have the same backbone conformation. Although clearly simplistic and unlikely to be correct, these limitingcase simulations give some information on the secondary-structure content of the extramembrane domains. Figure 5 (a-c) shows the simulated 2D Comparison of these simulated spectra illustrates two useful points. First, the spectral fit deteriorates when the helical segment is extended from TM-AH to the entire protein. Second, many predicted chemical shifts from the all-strand model partially overlay with the measured chemical shifts, confirming the presence of b-strands in the protein.
To determine the location of the b-strand segments, we next considered more complex secondarystructure models. Figure 6(a,b) shows the simulated spectra with either the cytoplasmic tail or the ectodomain completely b-strand while keeping the rest of the protein helical. The two simulated spectral patterns are similar, but the cytoplasmic-strand model agrees better with the measured spectral intensities at (x 1 5 52 ppm, x 2 5 29-34 ppm). On the other hand, both models miss the J-INADEQUATE peaks completely. In addition, these two models disagree with the CD result (Supporting Information  Fig. S5 ) that the b-strand content is less than 10% for the DMPC-bound protein. To create a more realistic model that includes all three secondary structures, we used the PSIPRED software, which predicted a short b-strand at the C-terminus, a helical segment in the middle of the cytoplasmic tail, and coil for the rest of the extramembrane domains [ Fig. 6(c) ]. The resulting secondary-structure content agrees well with the CD result. The corresponding simulated spectrum reproduces both the J-INADEQUATE peaks and the helical chemical shifts in the DARR spectrum well. However, the short C-terminal b-strand includes an Ile, which is clearly absent in the DARR spectrum (indicated by blue arrows), and excludes a b-strand Ala, which is clearly present in the DARR spectrum. Thus, this model still does not agree well with the measured bstrand chemical shifts.
The final structural model is shown in Figure  6 (d). We placed the b-strand at the first eight Nterminal residues (MSLLTEVE), together with the SNA triplet remaining from the His-tag cleavage. This is the only short segment in the protein that contains all three b-strand residue types, Ser, Ala, and Leu. As can be seen, the model partially reproduced the b-strand Ala and Leu chemical shifts, although the b-strand Ser peak is still not well fit. The two Glu residues in this segment contributed some of the b-strand intensities in the (x 1 5 52 ppm, x 2 5 29-34 ppm) region. The presence of Thr5 in this segment is also consistent with the measured Thr peaks in the DARR spectrum. The length of this proposed strand segment (11 residues) also agrees well with the b-strand content estimated from the CD spectrum (Supporting Information Fig. S5) Fig. 7(d) ]. The unstructured nature of the cytoplasmic tail is also suggested by three protein-disorder prediction programs, FoldIndexV C , 65 PONDRV R , 66, 67 and DIS-OPRED, 68 all of which predicted residues 62-86 to be disordered. To further verify the fraction and location of the unstructured segments, we simulated the J-INADEQUATE spectra of three other coil models. Figure 7 (a,b) shows that models with only the ectodomain or only the cytoplasmic tail being unstructured do not have enough coil peaks to match the experimental spectrum. A model where coil residues are placed in both termini but several sections of the cytoplasmic tail are kept structured [ Fig. 7 (c)] also gave somewhat inferior fit than the final model. For example, the peaks near (56, 37) ppm are not reproduced. Taken together, the simulations in Figures 6 and 7 indicate that the best secondary-structure model of DMPC-bound M2FL contains an N-terminal b-strand, a central a-helical TM-AH domain, and is unstructured for the rest of the extramembrane domains.
Verification of the b-strand location in the protein using M2(21-97)
To verify the above secondary-structure model of M2FL, we expressed and purified an ectodomaintruncated M2 variant spanning residues 21-97. The recombinant protein contained the same SNA triplet before the first native protein's residue, D21. Figure  8 shows the 2D DARR spectrum of DMPC-bound M2(21-97). Indeed, the three "extreme" b-strand peaks of Ser, Ala and Leu clearly disappeared from the spectrum, and the side chain signals of the bstrand Leu are also absent, confirming that the bstrand signals in the DMPC-M2FL result from residues in the ectodomain.
Discussion
The above chemical shift analysis indicate that the conformation and dynamics of the extramembrane domains of M2FL depend on the membrane composition. The DMPC bilayer promoted partial b-strand conformation and significant mobility, while the two cholesterol-containing membranes shifted the protein conformational equilibrium to predominantly ahelical. The chemical-shift-constrained secondary structure in Figure 6 (d) is in good agreement with the CD data (Supporting Information Fig. S5 ): the former predicted a helix:coil:strand ratio of 42%:49%:9%, while the latter estimated a helix:coil:-strand ratio of 48%:44%:8%. Chemical-shift prediction and spectral simulation suggest that the bstrand is located at the N-terminus of the protein, which is borne out by the spectrum of the ectodomain-truncated protein, which no longer exhibits b-strand peaks in the DMPC-bound state. The presence of a b-strand segment in DMPCbound M2FL does not appear to be a specific phenomenon of the DMPC membrane, because the same "extreme" b-strand cross peaks were also reported in the spectra of M2FL bound to E. coli membranes and 1,2-dioleoyl-sn-glycero-3-phosphocholine/1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPC/ DOPE) membranes, 69 but they were not interpreted. C DARR spectrum (gray contours) of DMPC-bound M2(21-97), superimposed with the predicted chemical shifts using the secondary-structure model of Figure 6 (d) except that the ectodomain is removed. The SNA triplet is assumed to be random coil, the TM-AH domain is kept a-helical, and the cytoplasmic tail is kept as random coil. Yellow rectangles highlight the frequency positions of b-strand peaks that are present in the DMPC-M2FL spectrum but absent in the M2(21-97) spectrum. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
The full-length protein used in this previous study retained the 24- residue His-tag that ended with the SNA triplet before the N-terminus of the native M2 sequence. Thus, the segment predicted and confirmed to be b-strand here, SNA-MSLLTEVE, was fully present in the previous study. In other words, all three noncholesterol membranes promote a bstrand segment in M2FL.
In principle, factors other than cholesterol can contribute to the conformational changes of M2. For example, the VM1 and POPC/POPG/cholesterol membranes both contain unsaturated phospholipids whereas DMPC is a saturated lipid. The two cholesterol-containing membranes are also slightly thicker than the DMPC bilayer. However, in the context of the influenza virus lifecycle, the absence or presence of cholesterol is likely the most important factor regulating the M2 conformation. The lipid envelope of flu viruses is preferentially enriched in cholesterol compared to the host-cell plasma membrane from which the viruses bud. 70 The high order of the virus lipid envelope has been implicated as the reason for the small number (5-15) of M2 tetramers in the virion, 49 even though M2 is expressed at much higher levels in the host-cell membrane.
6
M2 is also known to interact with the influenza protein M1 in a temporally and spatially controlled fashion during virus assembly and budding, 51,71 and the site of M1-M2 interaction has been attributed to the M2 cytoplasmic domain based on mutagenesis data. 53,54 Thus, it is conceivable that the unstructured nature of the cytoplasmic domain when M2 is bound to the fluid and low-cholesterol regions of the host plasma membranes serves the purpose of preventing premature interactions between M2 and M1. But after M2 is recruited to the cholesterol-rich region of the membrane during virus budding, conformational changes to a more a-helical form may be important for facilitating M2 interaction with the predominantly helical M1. 72 The functional relevance of the short b-strand in the ectodomain is less obvious. We speculate that it may serve a structural role by promoting intermolecular association of the four protomers of the tetrameric channel. Exactly how the lipid composition changes the conformation of the extramembrane segments is not yet understood and will be of interest to study in the future. The verification of the chemical-shift-predicted b-strand location by the truncated M2(21-97) construct suggests that chemical-shift prediction and back-calculation of experimental spectra represent a viable approach for obtaining global conformational constraints of disordered proteins prior to full resonance assignment. This chemical-shift-prediction approach has recently seen increasing use in SSNMR. 73, 74 Our simulations are not able to fully reproduce the extreme b-sheet Ca and Cb chemical shifts of Ser, Ala and Leu. We attribute this to the difficulty of creating a true b-sheet with the relevant hydrogen bonds and other tertiary structure constraints, 64 since the limited chemical shifts and the lack of intermolecular distances make it too speculative to model a multistrand b-sheet. At the same time, the fact that each M2 protomer does not have enough b-strand content to create interstrand hydrogen bonds suggests that the b-sheet chemical shifts can only originate from intermolecular association of the N-terminus of the four protomers of the tetrameric channel. Future experiments using more selective isotopic labeling and distance measurements will be necessary to elucidate the structures and conformational states of this protein in lipid membranes.
Materials and Methods
Expression and isotopic labeling of full-length M2
E. Coli BL21 (DE3) cells containing the plasmid with the M2FL gene were provided by Professor Tim Cross. The cDNA of the M2 protein from influenza A H3N2 virus, modified by having a N-terminal Histag and a TEV protease cleavage site (with an amino acid sequence of MHHHHHHSSGVDLGTEN-LYFQSNA), was inserted into plasmid pET37. 75 C19
and C50 were mutated to Ser while residue 17 was kept as Cys [Supporting Information Fig. S1(a) ]. The latter stabilizes tetramer formation in detergents, 9, 47, 48 which are used during membrane reconstitution of the protein.
E. coli cells were cultured on ampicilincontaining LB agar. A fresh colony was used to inoculate 100 mL of LB media. The cells were grown in a shaker overnight at 37 C. A 10-mL aliquot was used to inoculate 1 L of LB media until OD 600 reached 0.7-0.8. The cells were spun down (20 C, 7000 rpm, 10 min) and resuspended in 500 mL M9 medium (48 mM Na 2 HPO 4 , 22 mM KH 2 
Purification of full-length M2
M2FL is purified using Ni affinity column. Cells were thawed and lysed on ice using a probe sonicator with 5 s on and 5 s off for 90 s. Benzonase nuclease and phenylmethylsulfonyl fluoride were added to prevent DNA binding and protein degradation. After incubation for 30 min at 4 C, cells were sonicated at amplitude 4 with 30 s on and 5 min off for 16 cycles. The soluble fraction was removed by centrifugation (10,000g, 8 C, 30 min). The M2-containing inclusion bodies were dissolved in lysis buffer with 6M urea and 2 wt% octyl-b-D-glucopyranoside (OG). After the suspension was shaken for 2 hours, it was centrifuged (10,000g, 8 C, 30 min) to remove the cell debris. The 12-mL supernatant containing the protein was added to a 3-mL Ni-NTA affinity column, shaken overnight at 4 C to allow protein binding to the column. About 100 mL of wash buffer I (50 mM Tris-HCl, 100 mM NaCl, 20 mM imidazole, 4M urea, 1% OG) and 50 mL of wash buffer II (50 mM TrisHCl, 100 mM NaCl, 20 mM imidazole, 2M urea, 1% OG) were then used to wash the column. About 50 mL of refold buffer I (50 mM Tris-HCl, 100 mM NaCl, 20 mM imidazole, 0.5% OG, 20% glycerol) and 100 mL of refold buffer II (50 mM Tris-HCl, 50 mM NaCl, 0.5% OG, 20% glycerol) were then applied to the column to refold the protein. Subsequently, 50 mL of elution buffer (50 mM Tris-HCl, 50 mM NaCl, 300 mM imidazole, 0.5% OG, 20% glycerol) was used to elute M2FL from the Ni-NTA column. The amount of the protein was quantified from OD 280 using an extinction coefficient of 15,220/M/cm. SDS-PAGE gel (Supporting Information Fig. S7 ) showed that most of the His-tagged protein exists as a dimer of 28 kDa after purification.
The His-tag was cleaved using TEV protease. About 30 mg purified His-tagged M2 was mixed with 2 mg of TEV protease and incubated at 4 C for 20 h on a Thermo Scientific platform rocker. The completeness of cleavage was verified by SDS-PAGE (Supporting Information Fig. S7 ), HPLC and electrospray ionization (ESI) mass spectrometry (data not shown). The cleaved protein was separated from TEV protease using the Ni-NTA column. The eluted fraction containing M2FL was concentrated to 2 mL using an Amicon Ultra centrifugal filter (Millipore) with a molecular weight cut off of 3 kDa.
Membrane reconstitution of M2FL by detergent dialysis
OG was added to purified M2FL to a final concentration of 36 mM. Lipid vesicles were prepared by eight freeze-thaw cycles and added to the protein/detergent solution to reach a protein:lipid mass ratio of 1:1.5, which corresponds to a protein:lipid molar ratio of about 1:27. The protein-lipid-detergent mixture was dialyzed against Tris buffer (10 mM Tris-Base, 1 mM EDTA, 0.1 mM NaN 3 , pH 7.5) at 4 C for 3 days with six buffer changes. HPLC-evaporative light scattering detection (ELSD) and ESI-MS confirmed that the amount of OG in the proteoliposome after dialysis was miniscule, <0.01% that of the protein (Supporting Information Figs. S8 and S9 ). Proteoliposomes were spun at 55,000 rpm for 4 h using a SW60 Ti rotor (Beckman Instruments) to yield a membrane pellet, which was then transferred to MAS rotors through a pipette tip. Typical 4-mm MAS samples contained 50-mg hydrated membrane, while 2.5-mm MAS samples contained 10 mg sample. It has been shown that lipid-bilayer-reconstituted M2FL predominantly forms tetramers. 75 Three lipid membranes were used to reconstitute M2FL and test the conformational dependence of the protein on the membrane composition. All lipids were purchased from Avanti Polar Lipids (Alabaster, Alabama). DMPC was used because it retains the drug binding function of both M2 To verify the chemical-shift based secondarystructure determination of M2FL, we also investigated an ectodomain-truncated M2 construct that spans residues 21-97. The cDNA of M2(21-97) with the N-terminal His-tag was inserted into a pET21 plasmid. After expression and purification, the Histag was cleaved by TEV protease, leaving the SNA triplet before the native sequence starts at residue D21. M2(21-97) was purified by reversed-phase HPLC, and its mass was checked using ESI-MS. M2(21-97) was reconstituted into DMPC bilayers at a protein:lipid molar ratio of 1:22.5. The proteoliposomes in pH 7.5 Tris buffer were spun down to yield a membrane pellet with a hydration level of 40%, which was transferred to a 4-mm MAS rotor.
Solid-state NMR spectroscopy
All SSNMR experiments were carried out on a Bruker AVANCE 600 MHz (14.1 T) wide-bore NMR spectrometer using a 4-mm and a 2. To identify mobile residues, we conducted a 2D refocused J-INADEQUATE experiment that correlates DQ and SQ chemical shifts [Supporting Information Fig. S3(b) ]. 77 The experiment was carried out on DMPC-bound M2FL at 303 K. The DQ excitation and reconversion period s CC was 2 ms, corresponding to 24 rotor periods under 12 kHz MAS.
Circular dichroism experiments
A small amount of proteoliposomes were removed from the MAS rotors for circular dichroism (CD) measurements. The membranes were dissolved in trifluoroethanol, dried under nitrogen gas, then resuspended in pH 7.5 Tris-buffer and sonicated. The solution was diluted to a final protein concentration of 0.08-0.09 mg/mL. The solution was transferred to a quartz cuvette of 0.1 cm path length and measured on a Jasco J-715 CD spectropolarimeter at room temperature. Three scans were collected from 260 to 200 nm. Protein-free DMPC and VM1 membranes were also measured to serve as controls, and their signals were subtracted from the proteincontaining CD spectra. The secondary-structure content was calculated using the CDPro package.
Secondary structure modeling by chemical shift prediction
To obtain secondary-structure constraints for DMPC-bound M2FL, we generated a number of structural models and predicted their 13 C chemical shifts using SHIFTX2 and CamCoil to compare with the experimental spectra. These models were designed to find secondary-structure elements that agreed with the data, but do not exclude other possible models to fit the 2D spectra, nor does the chemical-shift prediction provide tertiary structure information.
A Python script using a YASARA 79 module was used to build models with ideal secondary structures (Helix: / 5 257 , w 5 247 ; Strand: / 5 2139 , w 5 1135 ).
13
C chemical shifts were calculated from these structures using SHIFTX2. 62 For random coil segments, CamCoil was used to calculate the backbone chemical shifts. 80 Since CamCoil does not predict side chain chemical shifts, we calculated the side chain chemical shifts of a completely extended backbone using SHIFTX2, then combined these with the backbone CamCoil shifts. For all ideal models, the helix, coil and strand chemical shifts were combined to give the 2D spectral patterns of the proposed secondary-structure models.
More complex structural models contained the existing M2(22-62) structure (PDB: 2L0J) for the central TM-AH domain. PSIPRED, 81 a secondarystructure prediction program, was used for one model. The placement of the b-strand at the Nterminus in the final model was governed by the need to have at least one Ala, Leu, and Ser in the strand. The 2D 13 C J-INADEQUATE spectrum also required a coil Ala, which could result from the cytoplasmic domain or from the SNA triplet remaining from the His-tag cleavage. Further details about the various structural models are described in the Results section and the figure captions. The predicted chemical shifts were plotted in a 2D correlation fashion using MATLAB. A 2D matrix with 0.1-ppm bins was populated with the calculated chemical shifts by creating correlations for all atoms within three bonds. To find correlations within a specific number of bonds regardless of side chain branching, each amino acid was represented as a bond distance matrix. The peaks were Gaussianbroadened to a full-width at half maximum of 0.71 ppm, then plotted and superimposed over the experimental 2D spectra. Table S1 . PLUQ 1 query results of three cross peaks from the 2D DARR spectrum of DMPCbound M2FL. The query was made using the 'all' secondary structure option and a 1-ppm search box. All intra-residue pairs within three bonds are considered. The number in parentheses is the number of times the given atom pair was found in the PACSY database 2 Cross peak chemical shifts (ppm from TMS) Chromatogram of DMPC-M2FL proteoliposomes over 3 days of dialysis. An aliquot of the dialysis solution was taken after each buffer change every half a day. Before dialysis, a significant amount of OG was detected. After just half a day of dialysis, the OG peak intensity decreased significantly. By the end of 3 days, no OG can be detected. The chromatograms are vertically shifted for clarity. (c) HPLC-ELSD calibration curve based on the OG standards in (a). The DMPC-M2FL supernatant after 3 days of dialysis gave an intensity of 9 mAU, indicating that the OG concentration is at most 0.03 mg/ml. This is consistent with the ESI-MS result, which indicates an OG level below the detection limit.
HPLC-ELSD experiments were performed on an Agilent Technologies 1100 series system equipped with a reversed-phase Vydac 214TP C4 column (150 x 4.6 mm, 5 mm) and an Agilent 1200 Evaporative Light Scattering Detector. The following conditions were used to detect OG in DMPC-bound M2FL: Eluent A was 0.1% TFA in water and eluent B was 0.1% TFA in 70% acetonitrile/30% methanol; flow rate was 1.5 ml/min; gradient A was 40-64% eluent B over 4 min, gradient B was 64 -99% eluent B over 2 min, and gradient C was 99% eluent B over 6 min. 
